Fabrication of Superconducting Quantum Interference Device Magnetometers on a Glass Epoxy Polyimide Resin Substrate with Copper Terminals  by Kawai, Jun et al.
 Physics Procedia  36 ( 2012 )  262 – 267 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.157 
Superconductivity Centennial Conference 
Fabrication of superconducting quantum interference 
device magnetometers on a glass epoxy polyimide resin 
substrate with copper terminals
Jun Kawai, Miki Kawabata, Daisuke Oyama, and Gen Uehara 
Applied Electronics Lab., Kanazasa Institute of Technology, 3 Amaike, Kanazawa, Ishikawa, 920-1331, Japan 
Abstract 
We have developed fabrication technique of superconducting quantum interference device (SQUID)
magnetometers based on Nb/AlAlOx/Nb junctions directly on a glass epoxy polyimide resin substrate, 
which has copper terminals embedded in advance. The advantage of this method is that no additional 
substrate and wirebonds are needed for assembly. Compared to conventional SQUID magnetometers, 
which are assembled with a SQUID chip fabricated on a Si substrate and wirebonding technique, low risk 
of disconnection can be expected. A directly-coupled multi-loop SQUID magnetometerfabricated with 
this method has as good noise performance as a SQUID magnetometer with the same design fabricated
on a Si wafer. The magnetometer sustained its performance through thermal cycle test 13 times so far.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
SQUID magnetometers have been used for a variety of applications ranging from large-scale 
instruments such as magnetoencephalograpy (MEG) [1] and magnetocardiograpy (MCG) [2] to small-
scale laboratory systems applying to small animal measurements [3], non-destructeve evaluation (NDE) 
[4] and low-field MRi [5]. In the large-scale system, once SQUID magnetometres are cooled down in 
liquid helium, users continues to refill the system with liquid helium to keep the SQUID magnetometers 
at extremely low temperature. As far as the SQUID magnetometers are maintained in liquid helium, there 
is low risk of damage on the SQUID magnetometers. On the other hand in small-scale systems, it is often 
the case that users cool down the system only when they perform measurements mainly because of saving 
the cost of liquid helium. This means that the SQUID magnetometers are exposed to thermal changes 
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between room temperature and 4.2 K, which results in damages on SQUID magnetometers. Therefore, 
much more robust SQUID magnetometers are required for these systems. 
SQUID magnetometers are fabricated on a Si substrate in general. They are diced into a chip and the 
chip is assembled on an additional circuit board connecting copper terminals with wirebonds. In most 
cases, the chip is protected with a cover or resin finally. This method is quite useful for mass production 
and is taken for SQUID magnetometers in large-scale systems commercially available. However, the 
SQUID magnetometers assembled with this method often suffer damages such as disconnection of 
wirebonds and breakage of the assembly parts when they are exposed to thermal changes many times. 
With the purpose of simplifying assembly process and of reducing damage risk through thermal 
changes, we have taken a challenging approach compared to the conventional method. In our previous 
work, we developed fabrication technique of integrated Nb pickup coils on a glass-epoxy polyimide resin 
(GEPR) substrate having copper terminals [6], where a SQUID chip was mounted on this pickup coil 
connecting wirebons. We confirmed that the pickup coil is robust against thermal changes, while we still 
use wirebonds for assembly of the SQUID chip. In this work, being based on this technique, we 
developed fabrication process to integrate SQUID magnetometers directly on a GEPR substrate together 
with copper terminals. 
2. Preparation of glass epoxy polyimide resin substrate 
A glass epoxy polyimide resin (GEPR) substrate with thickness of 0.8 mm was used as a substrate, 
which was shaped as a 3-inch wafer suitable for processing machines. This substrate is heat-resistant up to 
around 300{C, which is high enough for plasma processing such as sputtering and reactive ion etching 
(RIE) in our process. Copper terminals, which were laid out aligning to the position of the patterns of the 
SQUID magnetometers, were embedded on the surface of the substrate in advance before thin film 
processing. Figure 1 (a) shows a picture of a GEPR substrate with copper terminals laid out and embedded. 
Fig. 1 An overview of a GEPR substrate having copper terminals (a), and the typical surface roughness of the 
substrate polished and then coated with a 250-nm SOG layer. 
The surface of the substrate was measured with a surface profiler and the initial surface roughness was 
r a few micron meters, which was too rough for depositing good thin films. Then, the surface of the 
substrate was mechanically polished and the roughness was improved to be around r6 nm on the average 
in 100-Pm area. In order to smoothen the surface further, we coated the surface with a spin-on-glass 
(SOG) layer of 200 – 250 nm which was cured at 300{C in 1330-Pa N2 atmosphere for an hour. The 
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surface roughness was improved to be r4 nm on the average in the same area. However, we found that 
the interface adherence between the SOG layer and metal films such as Al and Nb was easily removed 
from the surface of the substrate even if Al and Nb layers were deposited in the stress-free condition as 
mentioned later. It is probably because the curing temperature of the SOG layer was still below the glass-
transition temperature. Therefore, we sputtered an additional SiO2 layer of 100 nm on the SOG layer to 
improve the interface. As the result, Al and Nb layers were deposited without removing from the surface 
of the substrate. Figure 1 (b) shows the typical surface roughness of the GEPR mechanically polished and 
then coated with an SOG layer. 
3. Design of a SQUID magnetometer and fabrication process 
3.1. SQUID magnetometer 
A directly coupled multi-loop SQUID magnetometer was designed to develop the fabrication process. 
The diameter of the SQUID loop is 2.5 mm, and the estimated loop inductance was 250 pH, neglecting 
the parasitic inductance due to the spoke. The size of the tunnel junction was designed to 5 Pm×5 Pm. 
The wirings were laid out so that they are connected to the copper terminals on the substrate. The 
minimum line width of the patterns was 5 Pm. The copper  
3.2. Fabrication process 
One of the most concerns regarding Nb film sputtered on the GEPR substrate is the initial stress and 
superconductivity [7]. If strong stress remains in Nb film, the film is often removed from the substrate 
after deposition or sometimes after patterning of the film. Because a GEPR substrate is much softer than 
Si substrate, to reduce film stress is very important for stable and robust deposition. We deposited Nb film 
with the stress-free condition, which we determined by means of optimizing the distance between the 
cathode and the anode of the sputtering machine. 
On superconductivity, Nb film is easily degraded with the contamination caused by outgassing from a 
GEPR substrate during sputtering. We measured the critical temperature of a Nb film sputtered on the 
GEPR substrate. A Nb film of 250 nm in thickness deposited on the GEPR substrate had 7.9 K of the 
critical temperature. This temperature is low compared to that of a Nb film deposited on a Si substrate in 
our process, which is usually 9.0 K. Thus, the gap voltage of a junction was expected to be low than 2.8 
mV, which is obtained from a junctions in our standard Nb/AlAlOx/Nb process on a Si substrate. The gap 
voltage of a junction fabricated on the GEPR substrate was about 1.7 – 1.8 mV.  
Fig. 2 Schematic cross section of a SQUID magnetometer fabricated on the GEPR resin substrate. 
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Fabrication process is mainly based on standard niobium process. In our process, sputtering deposition 
is performed at a good background pressure of higher than 2×10-5 Pa for Al and Nb films, and higher than 
4×10-5 Pa for SiO2 layer because sputtering machines have a load-lock chamber. A substrate was water-
cooled at 18 – 20 {C during sputtering.  
After the surface of the substrate was covered with an SOG and a SiO2 layers as mentioned in the 
previous section, via-holes on the copper terminals were opened using an RIE with 13.3-Pa CF4 plasma. 
Then, An Al layer was dc-sputtered in 0.7-Pa Ar plasma and was formed into resistor patterns in an 
alkaline solution. Next, the first niobium layer was dc-sputtered and was patterned into using the RIE 
with CF4+O2 (16 % in flow) at the pressure of 6.7 Pa. An SiO2 insulation layer was rf-sputtered and the 
via-holes were opened using the RIE with 13.3-Pa CF4 plasma. The second Nb layer as the base electrode 
of tunnel junctions was deposited and was patterned in the same way as done with the firs niobium layer.   
The layer of the tunnel barrier and the counter electrode were deposited without breaking vacuum. 
After cleaning the surface of the base electrode with 0.7-Pa Ar plasma, 10-nm Al layer was deposited and 
was oxidized in a pure O2 atmosphere at room temperature in the load-lock chamber to form a tunnel 
barrier. Then, 250-nm Nb layer was deposited as the counter electrode. Tunnel junctions were also 
formed using the RIE. The counter Nb layer was etched with 13.3-Pa CF4 plasma, and AlAlOx layer was 
continuously etched 2.0-Pa CF4 plasma. After pattering the junctions, the second insulation layer of SiO2
was bias-sputtered in order to form a good coverage at the step of the patterns, and via-holes on the 
junctions were etched by the RIE with the same condition as the first insulation layer was etched. Lastly, 
the wiring Nb layer was also bias-sputtered and was patterned using the RIE with the same condition as 
the first Nb layer was etched. Figure 2 shows the schematic cross section of the fabricated SQUID 
magnetometer together with typical thickness.  
4. Characteristics of the SQUID magnetometer 
Figure 3 (a) shows an photograph of a fabricated SQUID magnetometer on the GEPR substrate. The 
size of the chip is 11 mm×11 mm. The circular coil in the center, which is divided into 6 loops, is the 
SQUID loop. The wirings of Nb are directly connected to the copper terminals. Therefore, no special 
assembly such as wirebonds and a protection cover is needed. An SEM image of the center of the SQUID 
magnetometer is also shown in Fig. 3 (b), where the tunnel junctions and the shunt resistors can be seen. 
The via-hole opened on the junction is 2 Pm×2 Pm and the width of the shunt resistor is 6 Pm. 
Fig. 3 An overview of the fabricated SQUID magnetometer on the GEPR substrate (a), and an SEM image of the 
center of the SQUID magnetometer (b). 
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Fig. 4 Flux-to-voltage characteristics (a), and the field noise density (b) of the fabricated SQUID magnetometer. 
Connecting cables to the copper terminals by soldering, we characterized this SQUID magnetometer in 
liquid helium. The flux-to-voltage characteristics are shown in Fig. 4 (a) and the maximum voltage 
modulation was 55 PV. The maximum critical current of the SQUID was 11 PA and shunt resistor was 
6.7 :. The horizontal axis represents the applied current to the feedback coil and the mutual inductance 
between the feedback coil and the SQUID loop was about 80 pH. 
Calibrating the field-to-voltage sensitivity [8], we measured the performance in a flux locked loop 
(FLL) operation with direct voltage readout [9]. The measurement was performed in a magnetically 
shielded chamber. The field noise is shown in Fig. 4 (b) and the noise of 12 fT/Hz at 100 Hz was obtained. 
This noise compares favourably with that has obtained from a SQUID magnetometer with the same 
design, which is fabricated on a Si substrate. 
We also performed thermal cycle test for this SQUID magnetometer. We repeated cool-down to 4.2 K 
and warm-up to room temperature 14 times over 3 months. In the meantime, the SQUID magnetometer 
was stored at room temperature on the desk in our laboratory. The SQUID magnetometer sustained its 
performance through thermal cycles 13 times, however, it did not work at the 14th cool-down. It was 
found that some of the conction between the copper terminals and the Nb wiring were disconnected. We 
expect that this will be solved by improving the coverage and the interface contact between the copper 
terminal and the Nb film.  
Conclution
We fabricated SQUID magnetometers based on Nb/AlAlOx/Nb junction directly on a glass-epoxy 
polyimide resin substrate having copper terminals. This magnetometer does not need coneventional 
assembly method such as wirebonds. The performance of this magnetometer was as good as that 
fabricated on a Si substrate. Thermal cycle tests do not indicate the robustness of the magnetometer so far, 
however, it will be improved in the next step. 
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